ABSTRACT: Monodisperse mesoporous silica (mSiO 2 ) coated superparamagnetic iron oxide (Fe 3 O 4 @mSiO 2 ) nanoparticles (NPs) have been developed as a potential magnetic resonance imaging (MRI) T 2 contrast agent. To evaluate the effect of surface coating on MRI contrast efficiency, we examined the proton relaxivities of Fe 3 O 4 @mSiO 2 NPs with different coating thicknesses. It was found that the mSiO 2 coating has a significant impact on the efficiency of Fe 3 O 4 NPs for MRI contrast enhancement. The efficiency increases with the thickness of mSiO 2 coating and is much higher than that of the commercial contrast agents. Nuclear magnetic resonance (NMR) relaxometry of Fe 3 O 4 @mSiO 2 further revealed that mSiO 2 coating is partially permeable to water molecules and therefore induces the decrease of longitudinal relaxivity, r 1 . Biocompatibility evaluation of various sized (ca. 35-95 nm) Fe 3 O 4 @mSiO 2 NPs was tested on OC-k3 cells and the result showed that these particles have no negative impact on cell viability. The enhanced MRI efficiency of Fe 3 O 4 @mSiO 2 highlights these core-shell particles as highly efficient T 2 contrast agents with high biocompatibility.
INTRODUCTION
Contrast-enhanced magnetic resonance imaging (MRI) has emerged as a promising technique for the detection, diagnosis, and staging of tumors and cancer using contrast agents to improve the visibility of the internal structure and accurately characterize different types of lesions (1) (2) (3) . Magnetic contrast agents in MRI are used to modify the relaxation time of protons in the tissues where they accumulate, which causes changes of MR signal intensity and consequently the imaging contrast (4) . Depending on whether the contrast-agent induced shortening of relaxation time is greater for T 1 (longitudinal) or T 2 (transverse) relaxation, MRI contrast agents are described as either 'T 1 agents' or 'T 2 agents'. Superparamagnetic iron oxide nanoparticles (SPIONs) with various sizes and coating materials have been extensively studied because of their capacity to enhance the proton relaxation under the influence of magnetic fields (5, 6) . For in vivo applications, these magnetic nanoparticles (NPs) are required to be biocompatible, water-dispersible, stable and uniform in size (7, 8) . Conventional aqueous-phase synthesized iron oxide NPs usually exhibit broad size distribution and need extra surface coatings such as dextran (9) , citrate (10) or silane (11) to prevent aggregation. Monodisperse and highly crystalline iron oxide NPs were later produced through nonhydrolytic thermal-decomposition of metal-complex precursors (12, 13) , but the dispersion in nonpolar organic solvent restricts their biomedical applications. Several studies have dealt with the improvement of the aqueous stability of these hydrophobic iron oxide NPs, for instance, by ligand exchange with water-soluble molecules (14) or hydrophobic interaction with amphiphilic polymers (15, 16) . More recently, mesoporous silica (mSiO 2 ) was selected as a coating material for various nanocrystals to stabilize their aqueous dispersion and alleviate the toxicity (17) (18) (19) . In addition, mSiO 2 hold great potential in diagnostic and therapeutic applications owing to its unique features of ordered pore network, high surface area, large pore volume and possibilities for further functionalization (20, 21) .
Several reports have focused on the synthesis and investigation of magnetic and mesoporous nanocomposites with core-shell (17) or hybrid structures (22) . In order to achieve high colloidal stability, size-dependent properties and long blood circulation for in vivo applications, discrete and uniformly small-sized NPs are desired, so as to escape from phagocytes in the reticuloendothelial system (RES) and circulate with a long blood half-life (23) . For magnetic NPs used as an MRI contrast agent, the efficiency for contrast enhancement is assessed in terms of its relaxivities r 1 and r 2 , which indicates the ability of a contrast agent to decrease the relaxation times (5). For a T 2 contrast agent, the higher the r 2 (24) and r 2 /r 1 ratio (25), the better the contrast efficacy. The contrast-enhancement property of magnetic materials has been modulated typically by their particle size and is well demonstrated in the case of iron oxide NPs (14, 26) , where the massmagnetization values and the relaxivity coefficient r 2 gradually increase as a function of particle size from a few to tens of nanometers. However, there are only a limited number of reports concerning the surface coating effect on magnetic relaxivity by biocompatible polymers (27) (28) (29) or silica coatings (30, 31) . It is important to understand the relationship between the coating properties and the changes in relaxivities for designing magnetic NP probes for MRI, in which a high contrast typically leads to a high sensitivity and reduces the amount of contrast agents required for imaging.
In this study, we synthesized mSiO 2 -coated Fe 3 O 4 (Fe 3 O 4 @mSiO 2 ) core-shell NPs via a surfactant templated sol-gel method. Parameters such as reactant concentrations were precisely controlled in order to achieve high quality core-shell NPs with varied particle sizes. These monodisperse Fe 3 O 4 @mSiO 2 NPs with variable shell thicknesses could be an ideal model system to assess the effect of surface coatings on the efficiency of NPs as MRI T 2 contrast agents. Moreover, to understand the effect of mSiO 2 coating on proton relaxation, Fe 3 O 4 @mSiO 2 NPs was examined by nuclear magnetic resonance (NMR) relaxometry. Biocompatibility of Fe 3 O 4 @mSiO 2 NPs with different particle sizes was evaluated on OC-k3 cells, which represent a suitable model for the in vitro study of ototoxicity (32) . This study offers a gateway for in-depth understanding and control of the contrast-enhancing property when designing a novel MRI contrast agent for cutting edge applications such as molecular imaging, where high-resolution imaging is needed.
EXPERIMENTAL METHODS

Synthesis of mesoporous silica coated SPIONs
All chemicals were purchased from Sigma-Aldrich and were used without purification. Monodisperse SPIONs were synthesized using a previously reported method via thermal decomposition of Fe-oleate complex in dioctyl ether at ca. 297 C in the presence of oleic acid (13 model was applied to determine the pore size distribution (PSD). Fe concentration was measured using a Thermo Scientific iCAP 6500 inductively coupled plasma spectrometer. The magnetization measurements were performed using a vibrating sample magnetometer (VSM-Nuovo Molspin, Newcastle-Upon-Tyne, UK). The hydrodynamic diameter of the particles was measured by photon correlation spectroscopy (Delsa TM Nano particle size analyzer, Beckman Coulter). Fourier transform infrared (FTIR) spectra were obtained using a Nicolet iS10 FT-IR spectrometer (Thermo Scientific).
Relaxometry
Aqueous dispersions of Fe 3 O 4 -CTAB and Fe 3 O 4 @mSiO 2 NPs with different shell thicknesses were examined by MR relaxometry. /D, where o I is the angular frequency of the proton precession, D is the relative diffusion constant of the paramagnetic center and the solvent molecule, and r is their distance of closest approach, which determines the radius of the magnetic particle. The specific magnetization M s relaxo can be obtained from the equation
, where C is a constant and R max is the maximal relaxation rate in NMRD (34) . In practice, the experimental NMRD curves are fitted by the theoretical model developed in our laboratory. The relaxometric diameter and the magnetization obtained allow minimization of the least squared deviation between experimental and theoretical NMRD curves. Additional relaxivities at 20 and 60 MHz were respectively measured at 0.47 T with a Minispec PC-20 Bruker spectrometer and at 1.41 T with a Minispec Mq Series system.
Cell culture and determination of cell viability
OC-k3 cells were cultured at permissive conditions: 33 C, 10% CO 2 in Dulbecco's modified Eagle medium (Gibco BRL, Gaithersburg, MD, USA) supplemented with 10% fetal bovine serum (Gibco BRL, Gaithersburg, MD, USA), 50 U ml À1 of recombinant mouse interferon-g (Genzyme, Cambridge, MA, USA) and without antibiotics (35) .
Cell viability was measured by flow cytometry analysis and MTS [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt] assay. For flow cytometry analysis, OC-k3 cells were grown in six-well plates at a density of 150 000 cells ml À1 (2 ml in each well). After cells had adhered to the plates (16-18 h), they were treated with Fe 3 O 4 -CTAB or Fe 3 O 4 @mSiO 2 NPs of various concentrations (ranging from Fe 3 O 4 150 ng ml À1 to 1.5 mg ml À1 ) and incubated for 3-48 h. Stock solutions were prepared in physiological solution. For each experiment, two samples were prepared for each particle concentration and two samples with untreated cells. After 3 and 48 h, respectively, the cells were recovered using trypsin-EDTA solution (1 min at 37 C), and were then processed for analysis using FACSCalibur flow cytometer (Beckman Coulter, Miami, FL, USA). The samples were collected in the appropriate tubes and 2 mg ml À1 propidium iodide (PI) was added. They were then kept in the dark and on ice for 10 min. Each sample was subjected to a test without PI (negative control or white) and one with NP40 and PI (positive control). Data were collected from at least 10 000 events.
For MTS assay, the CellTiter 96 assay (Promega, Italy) was used and OC-k3 cells were grown in 96-well plates at a density of 5000 cells ml À1 (0.5 ml in each well). After cells had adhered to the plates (16-18 h), they were treated with varying particle concentrations (ranging from Fe 3 O 4 75 ng ml À1 to 15 mg ml À1 ) and incubated for 3 h. Stock solutions were prepared in physiological solution. The reagent contains a tetrazolium compound MTS and an electron-coupling reagent phenazine methosulfate. MTS is bio-reduced by the dehydrogenase enzymes found in metabolically active cells into a formazan product, which is soluble in tissue culture medium. The quantity of formazan product measured at 492 nm absorbance is directly proportional to the number of living cells in culture. The reagent was added to culture wells and the cells were incubated for 2 hrs. Optical density was read at 492 nm in a microplate reader Sirio (Italy). Data are indicated as a percentage of untreated controls.
Statistical analyses
All experiments were repeated three times and the results were reproducible. All data were expressed as means AE standard error of mean (SEM). One-way ANOVA was used to assess the differences between multiple groups. Values of p < 0.05 were considered to be statistically significant.
RESULTS AND DISCUSSION
A typical procedure for the synthesis of Fe 3 O 4 @mSiO 2 is depicted in Scheme 1. The surfactant CTAB serves as a phase transfer agent for oleic acid-capped Fe 3 O 4 by coupling its alkyl chain to that of oleic acid through the hydrophobic van der Waals interactions, whilst the hydrophilic head group of CTAB facilitates the aqueous dispersion of Fe 3 O 4 NPs with thermodynamically defined bilayer structures (36) . It is important to completely remove chloroform during the phase transfer process in order to obtain water-dispersible Fe 3 O 4 -CTAB NPs without clustering. Thereafter, CTAB acts as an organic template for growing an mSiO 2 layer on the Fe 3 O 4 core. We investigated the influence of synthetic reagents on the morphology of mSiO 2 coatings and the optimized parameters for producing well-defined core-shell structures are summarized in Table 1 ). Figure 2 shows XRD patterns of Fe 3 O 4 and Fe 3 O 4 @mSiO 2 . Average crystal size of Fe 3 O 4 NPs was calculated as 11.1 nm using the Debye-Scherrer formula, which is in good agreement with the average diameter measured from TEM images, wileyonlinelibrary.com/journal/cmmi indicating that they are dominantly single crystalline. In Fig. 2(b) , the broadest peak centered at 22 (2θ) is consistent with the amorphous nature of the silica wall of Fe 3 O 4 @mSiO 2 and the characteristic peaks of a magnetite structure demonstrate that the magnetic core embedded in silica shell retains its original crystalline nature. The low-angle XRD pattern of extracted Fe 3 O 4 @mSiO 2 (Fig. 2c ) exhibits only one diffraction peak (unit cell parameter ca. 30 Å) and the absence of high-order reflections reveals the reduction in the long-range mesoscale order, which might be due to the interference of magnetic core in the structure of mSiO 2 . The corresponding mesoporous material, Mobile Crystalline Material-41 (MCM-41), synthesized using CTAB without Fe 3 O 4 cores, shows a two-dimensional hexagonal porous structure (Fig. S2a and b) . 
Morphological and structural characterization
Magnetic and relaxometric characterization
Field-dependent magnetization of Fe 3 O 4 -CTAB and Fe 3 O 4 @ mSiO 2 NPs with different shell thicknesses was examined at room temperature using VSM. None of the suspensions showed a hysteresis (Fig. 4) NPs . Since the effect of surface chemistry on relaxivity most likely arises from the hydrophilicity of the coating layers and the coordination between the inner capping ligands, both influencing spin disorders (28), the big difference in the values of r 1 is proposed to be due to the different effects between CTAB and mSiO 2 coating layers on the mobility of water molecules. For Fe 3 O 4 @mSiO 2 NPs with varying coating thickness, it was found that the values of r 1 are effectively decreased by ca. 6 times (at 20 MHz) and ca. 4.5 times (at 60 MHz) when particle size increased from 50 to 95 nm, whilst r 2 decreased by only ca. 40% at 20 and 60 MHz. The magnitude of r 1 has been reported to be dependent on the magnetization of the material, the electron spin relaxation time and the accessibility of protons bearing nuclear spins to the surface of iron oxide (39) . The decreased value of r 1 for Fe 3 O 4 @mSiO 2 with increased silica shell thickness may reflect the ability of mSiO 2 coatings on separating water from the surface of the magnetite NPs (5) . Similar studies on the effect of polymeric coating on relaxivities also showed that the hydrophilicity of the coating layer has a positive effect on enhancing the proton relaxivities (both r 1 and r 2 ) for Fe 3 O 4 particles (28). Superparamagnetic contrast agents are known to be able to produce a long-range magnetic field to promote the spin-spin relaxation process of surrounding water molecules (4) , and the magnitude of r 2 is believed to reflect the ability of the magnetic material to produce local inhomogeneity in the magnetic field (40). Our results suggest that the locally generated magnetic field by Fe 3 O 4 cores has been weakened moderately by the increased thickness of mSiO 2 coating.
Owing to mSiO 2 coatings, the extent of decrease of r 1 is more than that of r 2 , and the r 2 /r 1 ratio increases as a function of the coating thickness, which is 82.2 at 20 MHz and 179 at 60 MHz for 95 nm Fe 3 O 4 @mSiO 2 (see Table 2 ). The great enhancement of r 2 /r 1 ratio, ca. 21 and ca. 14 times higher than that of the two commercial iron oxide-based contrast agents (see Table 2 trend of enhancement (41) for r 2 /r 1 ratios or even decreased values (31) were found with the increases in coating thicknesses. The different effects between aSiO 2 and mSiO 2 coatings on enhancement of r 2 /r 1 ratios, crucial for T 2 MRI efficiency, are most probably due to the different influences of their structures on the hydrophilicity and inhomogeneity of the local magnetic field. Nuclear magnetic resonance (NMR) relaxometry plays an important role in evaluating the properties of superparamagnetic colloids as potential contrast agents (42) . The effects of surface coatings on the relaxometric property of SPIONs are examined and compared between CTAB-coated and mSiO 2 -coated Fe 3 O 4 NPs using NMR relaxometry. Figure 5 shows NMRD profiles of Fe 3 O 4 -CTAB, Fe 3 O 4 @mSiO 2 NPs, and two commercial MRI contrast agents, which represent the longitudinal relaxivity r 1 as a function of the external magnetic field. The relaxometric data can be related to the morphological and physical properties of magnetic particles via previously proposed proton relaxivity theories, namely Freed's equation, Ayant's equation or a sum of the two weighted by the squared Langevin function (43) . Table 3 (45) is responsible for the differences between relaxometric and magnetometric results. In the present study, since the particles are uniform and well dispersed, we ascribe these differences to the effect of mSiO 2 on diffusive permeability of water molecules. This is because the determination of magnetic crystal radius r and specific magnetization M s by NMRD is closely related to diffusion parameters (e.g., t D and D) (34, 46) . We therefore propose that, when the coating is permeable to water molecules, i.e. for Fe 3 O 4 -CTAB NPs, magnetometry and relaxometry result in similar results for the diameter of the magnetic cores and magnetization. On the contrary, when the coating is completely impermeable, the magnetic core size measured by relaxometry should exhibit the same value as hydrodynamic size of the core-shell particles. The magnetic core size of 50 nm Fe 3 O 4 @mSiO 2 NPs obtained by relaxometry was 28 nm (see Table 3 ), an intermediate value between that measured by magnetometry and the hydrodynamic size of core-shell NPs. This demonstrates that the mSiO 2 coating is partially permeable and the water molecules seeping across the coating are highly constrained in its spread. Therefore, the r 1 of Fe 3 O 4 @mSiO 2 is much lower than that of Fe 3 O 4 -CTAB NPs.
Cell viability assessment
In order to study the effect of engineered NPs on the viability of OC-k3 cells [epithelial cells derived from the organ of Corti of transgenic mouse (47) ], the cells were incubated with different particle concentrations for 3 h and their viability was measured by MTS assay. The Fe 3 O 4 -CTAB NPs induced decreases in MTS levels at 75 and 150 ng ml À1 and showed high toxicity at higher doses (highly significant, p < 0.001; Fig. 6a ). The treatments with varying sized Fe 3 O 4 @mSiO 2 NPs (35-95 nm) did not induce considerable toxic effects and the mortality rate was not significantly different from that of the untreated cells ( Fig. 6b-e ; data confirmed also by flow cytometry analysis). After a 48 h incubation period, Fe 3 O 4 -CTAB NPs produced significant toxicity level at all the doses tested, while the Fe 3 O 4 @mSiO 2 NPs had no major negative impact on cell viability (see Fig. 7) . ng ml À1 until 3 h exposure. A previous report showed that g-Fe 2 O 3 particles became drastically toxic after 48 h of exposure through oxidative stress (48); however, we observed that the Fe 3 O 4 @mSiO 2 NPs did not reveal any significant toxicity after this period of time. Although the mechanism underlying NP-induced cytotoxicity is not completely understood, the cytotoxicity of . The values are the means of three experiments with the error bar indicating SEM. ** p < 0.001; * p < 0.05, when compared with nontreated cell viability value (Bonferroni, ANOVA).
Fe 3 O 4 -CTAB NPs could be associated with three factors: the oxidant effect of the iron core, the CTAB release and the NP dimension. Earlier work indicates that the cytotoxicity of iron particles could be due to reactive oxygen species (ROS) induction (49) . Wei et al. demonstrated that Fe 3 O 4 coated with different materials are toxic in a dose-dependent manner, with an LD50 of about 500 ng ml À1 (50) . Furthermore it is well documented that high concentrations of CTAB are not biocompatible (51,52), thus we cannot exclude a toxic effect of the CTAB coating of the Fe 3 O 4 particles. For various sized Fe 3 O 4 @mSiO 2 NPs, no severe time-or dose-dependent toxicity was observed, which is desirable for further MRI measurements.
CONCLUSIONS
In summary, we have performed an in-depth study of the effects of surface coating on relaxivities of iron oxide particles for MRI. Tunable relaxivities were obtained by varying the thickness of the mSiO 2 coating layer of Fe 3 O 4 @mSiO 2 NPs. It was found that r 1 shows a dramatic decrease accompanied by a smaller decrease in r 2 , with an increase in mSiO 2 coating thickness. Consequently, Fe 3 O 4 @mSiO 2 NPs exhibit enhanced MRI efficiency, which is ca. 21 times higher than that of the commercial T 2 contrast agents. NMR relaxometry studies provide the proof that the mSiO 2 layer is partially permeable to water molecules, which accounts for the decrease in r 1 and enhancement of the r 2 /r 1 ratio. Biocompatibility studies show that Fe 3 O 4 @ mSiO 2 NPs have no negative impact on cell viability, which supports the potential application of these particles as a highly efficient and biocompatible MRI T 2 contrast agent.
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